Abstract Common peroneal nerve palsy has been reported to be the most frequent lower extremity palsy characterized by a supinated equinovarus foot deformity and foot drop. Dynamic tendon transposition represents the gold standard for surgical restoration of dorsiflexion of a permanently paralyzed foot. Between 1998 and 2005, we operated on a selected series of 16 patients with traumatic complete common peroneal nerve palsy. In all cases, we performed a double tendon transfer through the interosseous membrane. The posterior tibialis tendon was transferred to the tibialis anterior rerouted through a new insertion on the third cuneiform and the flexor digitorum longus was transferred to the extensor digitorum longus and extensor hallucis longus tendons. All 16 patients were reviewed at a minimum followup of 24 months (mean, 65 months; range, 24-114 months). The results were assessed using the Stanmore system questionnaire and were classified as excellent in eight, good in five, fair in two, and poor in one. Postoperative static and dynamic baropodometric evaluations also were performed. The proposed procedure, which provides an appropriate direction of pull with adequate length and fixation, is a reliable new method to restore balanced foot dorsiflexion correcting the foot and digit drop and producing a normal gait without the use of orthoses.
Introduction
Common peroneal nerve (CPN) palsy has been reported as the most frequent lower extremity palsy [16, 18] . It can be the result of several causative mechanisms such as ischemia, mechanical irritation, traction, crushing injuries, or laceration [5] . Although in most cases the lesion recovers spontaneously [2, 8, 11] , in some cases, despite improvements in nerve repair and grafting, irreversible damage to the nerve can occur.
Paralysis of the CPN is characterized by a supinated equinovarus foot deformity resulting from the unopposed pull of the tibialis posterior muscle [27] . Foot drop and drop of the digits [3] also occurs causing a well known gait disability. An ankle-foot orthosis (AFO) or brace to prevent the foot drop sometimes may be poorly tolerated [29] , especially in patients who have some degree of equinovarus contracture or in young patients who need to wear orthoses for the rest of their lives. In irreparable peroneal nerve paralysis, dynamic tendon transposition represents the gold standard for surgical restoration of functional dorsiflexion of a permanently paralyzed foot.
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A. Vigasio, I. Marcoccio (&), A. Patelli, V. Mattiuzzo, G. Prestini Istituto Clinico Città di Brescia-Gruppo San Donato, 2°Unità Operativa di Chirurgia della Mano e Microchirurgia Ortopedica, Via Gualla 15, 25123 Brescia, Italy e-mail: info@ignaziomarcoccio.it As reported by Watkins et al., Codivilla in 1899 and Putti in 1914 [26] are considered the pioneers of the anterior transposition of the posterior tibialis tendon (PTT) to the dorsum of the foot through the interosseous membrane. This technique has been widely used [6, 13, 17, 22] , becoming the most accepted reconstructive method to correct dropfoot [6] . This technique, however, has several disadvantages relating to insufficient length of the PTT after harvest preventing easy tendon-to-bone (TtB) insertion on the dorsal aspect of the foot often requiring the ankle to be maximally dorsiflexed or altering the plan of location or the method of tendon insertion [6, 8, 12, 22, 24, 26, 29] .
Tendon-to-tendon (TtT) suturing has been described [3, 8, 17, 22, 24] as an alternative to the TtB procedure eliminating the need for screws, staples, or pullout wires tied over a button [12, 26] . Direct TtT suture, however fails to achieve balanced dorsiflexion because the foot needs to be pulled medially (using anterior tibialis tendon [ATT] and/or extensor hallucis longus tendon [EHL] ) and laterally (using the peroneus longus or tertius) using recipient tendons as reins [3, 8, 17, 18, 21, 22, 26, 27, 29] . Unfortunately, these methods are surgically demanding and the complexity of reconstruction dissipates the pull strength of the PTT reducing dorsiflexion power.
The technique recreates a new ATT origin on the third cuneiform with a transosseous tunnel through which the ATT is rerouted. A double tendon transfer [3] then is performed with a direct TtT suture at the distal third of the leg between the rerouted ATT and the PTT (transposed anteriorly through interosseous membrane) and between the flexor digitorum longus (FDL) tendon, similarly transposed and sutured side to side with the extensor digitorum longus (EDL) and extensor hallucis longus (EHL) tendons. This second transfer strengthens ankle dorsiflexion and reanimates toe extension [3] .
We wished to document the advantages of this proposed new tendon transfer technique. We will show that this transfer allows the surgeon to achieve the most favorable biomechanical tendon insertion producing effective and balanced ankle dorsiflexion. Specifically, the analysis addresses whether the technique proposed in this study allows optimization of the position and length of the tendon transfer resulting in good to excellent restoration of active range of motion and reanimation of balanced toe extension. The biomechanical advantages of this technique will be reflected in elimination of the need for an AFO and improved Stanmore system scores and dynamic baropodometric evaluations.
Materials and Methods
In the current retrospective study, to create a homogenous cohort of patients, patients who had partial CPN palsy, moderate to severe middle to hindfoot deformity, and ankle or toe joint stiffness, which would have required complementary surgery, were excluded. Thus, data for 16 patients with complete traumatic CPN palsy operated on between 1998 and 2005 are presented; 10 were male with a mean age of 25.8 years (range, 11-44 years). Minimum followup was 24 months (mean, 65 months; range, 24-114 months).
Eight patients had previous microsurgery for CPN repair (Table 1) without any nerve recovery. To determine whether the CPN is recovering after microsurgical reconstruction, we waited a variable period between 18 and 24 months, during which progression of Tinel's sign, muscular contractions, and nerve conduction studies were evaluated before considering tendon transfer [9, 28] . The remaining patients had been treated elsewhere first for their initial high-energy trauma at the knee or proximal tibia level. When referred to us for treatment of the nerve palsy, a mean of 36.4 months had elapsed from the time of the nerve lesion in each of the eight patients. This delay contraindicated any attempt at microsurgical reconstruction [7, 25] . In three cases (Patients 2, 3, 6) before tendon transfer, we explored the CPN at the fibular neck. In Patient 2, the nerve was avulsed from the muscle and in Patients 3 and 6, there was loss of nerve substance with a gap greater than 12 cm. In these three patients, as a result of the high risk of failure, we did not consider nerve reconstruction and proceeded directly to tendon transfer. Anterior tibialis tendon, EDL-EHL, and peroneal muscle function were assessed preoperatively by muscle testing during clinical evaluation and through electromyographic and nerve conduction studies. Patients 1, 8, 11 , and 16 had residual peroneal muscle function graded between 1 and 2 [23] , which was clinically ineffective in producing ankle eversion. Patients 1, 5, 7, 10, 13, 15, and 16 presented at clinical evaluation with a slight fixed hindfoot varus deformity. Patients underwent our surgical procedure after a mean of 33.3 months (average, 7 months-6 years) from initial trauma. At the time of surgery, all patients wore Codivilla's orthoses (AFO). Three had a moderate passive ankle dorsiflexion deficit, which required several weeks of manual rehabilitation therapy of the Achilles tendons before surgery.
Normal function and strength of foot intrinsic muscles, posterior tibialis and gastrocnemius muscles, FDL, and flexor hallucis longus muscles, together with full ankle and toe passive range of motion were primary inclusion requisites for patients to have surgery.
With the patient lying supine, a pneumatic tourniquet was applied to the thigh. An extended retromalleolar medial incision is made to the inferior medial third of the tibia to identify the posterior neurovascular bundle, and then expose PTT and FDL tendons to their muscular junction. The PTT and FDL tendons are divided at the retromalleolar level. A second incision is performed anteriorly and laterally to the tibial crest extended to the dorsum of the foot to identify and expose the anterior vascular bundle, ATT, EDL, and EHL tendons (Figs. 1,  2 ). The ATT is cut at its muscular junction and dissected to its insertion, and then extracted distally and medially preserving its bony insertion. When the muscular junction of the ATT is too distal or abundant muscular fibers shorten the tendon available for the transfer, we suggest releasing it from the excess of muscular tissue to get a longer portion of tendon to transfer. A 6-mm diameter hole (starting with a 2.5-mm drill) is drilled a few millimeters distally to tendon bony insertion through the cuneiform bones in the direction of the third cuneiform. Use of a preoperative radiograph-detectable marker on skin projection of the third cuneiform and intraoperative use of imaging (C-arm fluoroscope) and a Kirschner wire as a guide are advisable until the surgeon is confident with this technique. Tunnel direction can slightly shift medially or laterally from the third cuneiform to obtain balanced dorsiflexion. When the tunnel is created, care is taken to smooth its entrance and exit rounding off the sharp osseous edges, which could damage the tendon. The ATT then is passed through the osseous tunnel and extracted at that level without damaging the neurovascular anterior bundle (we use an arthroscopy grasper) and pulled proximally under the extensor retinaculum now located in the anterior compartment at the third distal level of the leg with its new origin on the third cuneiform (Figs. 3-5). ; CPN = common peroneal nerve; M = male; F = female; FA = surgery performed by first author (AV); in the other cases, surgery was performed elsewhere; traffic accident = high-energy trauma involving the knee and/or the proximal aspect of the tibia. From the posterior incision, through blunt dissection protecting the neurovascular bundle, we create an interosseous window with an appropriate length, accurately removing remnants of the interosseous membrane and all the soft tissues that could create impingement between and with tendons (the windows preferably are made at the distal portion of the interosseous membrane [13] ). Posterior tibialis and FDL tendons are transposed anteriorly avoiding the two tendons twisting on each other. If the muscular junction of the PTT and the FDL tendon are too bulky, to prevent any adherence at the interosseous window and to make tendon gliding easier, we suggest debulking the excess muscular fibers from the tendons taking care not to weaken them.
The ankle is maintained at 90°with digits in slight extension (approximately 20°) while tendon sutures are performed as follows: the PTT is sutured end to end to the ATT and the FDL tendon is sutured side-to-side to the EDL and EHL tendons using the Pulvertaft technique [19] (Fig. 6 ). Before suturing, it is crucial in this phase to provide the correct tension for the EDL and EHL by evaluating the posture of the toes, avoiding excessive or insufficient traction. After this procedure, the suture falls a few centimeters proximal to the extensor retinaculum, Fig. 4A-C (A) The tibialis anterior tendon (ATT) can be used entirely or it can be reduced in size by dividing it into two strips. (B) The ATT is folded over the skin (C) highlighting its new direction before the transosseous tunnel is performed. allowing the bulk of the suture to be partially deepened in the surrounding soft tissues and the transferred tendons to glide without impingement on the retinaculum.
A nonweightbearing below-knee plaster cast extending to support the toes is applied with the ankle at 90°dorsi-flexion and is maintained for 30 days. After removal of the plaster, the patient wears an AFO and remains nonweightbearing for another 20 days. In the meantime, daily and prolonged physiotherapy is started. The AFO is maintained for 2 months until the new motor scheme is corticalized. Full weightbearing walking is permitted after 45 to 50 days.
Followup was performed by the same observer (IM). Patients were asked about their condition before surgery and retrospective chart analysis was done (Table 2) . Preoperative and postoperative data were collected according to the Stanmore system questionnaire [30] , which was preferred over the American Orthopaedic Foot and Ankle Society scale because it is specifically conceived for outcome evaluation after a tendon transfer technique [10] . The results for the Stanmore grading system were classified as excellent for scores between 85 and 100, good between 70 and 84, fair between 55 and 69, and poor if the score was less than 55. Patients also were asked to rate the results of their surgery using a nonnumeric grading system, in which the categories were excellent, good, fair, and poor (Table 3) .
Muscle power of dorsiflexion was assessed using the Medical Research Council grading system modified using Seddon's method [23] . Degree of active dorsiflexion (measured with a goniometer) and muscle function testing also were recorded (Table 3) .
Because the Stanmore system was conceived only for evaluation of the PTT and because our surgical reconstruction aimed also to correct the digit drop, we added another evaluation method to the Stanmore system. It consists of visual evaluation of the digits' posture and active movements at the metatarsophalangeal and proximointerphalangeal joints, in which neutral position is defined as a 180°angle between the metatarsal bone and the first phalanx independently from the posture of the more distal phalanxes. From the neutral position, corresponding to number 0, results were divided into -1, 1, and 2 according to the following patterns: -1 (poor) in which there is drop of the toes with no active extension; 0 (fair) neutral position with no toe drop but no active extension; 1 (good) if from neutral position some toe active extension at the metatarsophalangeal joint is achieved; and 2 (excellent) the same as 1 with some extension of the distal phalanxes.
Baropodometric study completed the postoperative patient evaluation. For this purpose, we used a registering device that was 60 cm in length and 40 cm wide supplied with a 9600 pressure sensor (4 cm 2 ) situated approximately at the distal three-fourths of a platform measuring 5 m in length. Static and dynamic analyses were performed by an independent observer (FZ) who was blinded to the patients' disorder and any surgery performed.
During static analysis, plantar pressure images were registered and calculated with a bipodalic underload scanner. Dynamic analysis allowed us to study step phases through the acquisition of single-footprint frames, which gave us the progression of the barycenters along the single foot during gait.
Results
In all cases, transosseous rerouting of the ATT provided a sufficient tendon length, which permitted TtT suturing between the ATT and PTT to be performed proximal to the extensor retinaculum eliminating tendon length-related problems of the transfer. The new origin of the ATT at the third cuneiform was confirmed to be the optimal traction line [6] to achieve maximum dorsiflexion with minimal imbalance in accompanying pronation and supination. Thirteen patients (81%) exceeded 0°active dorsiflexion and had, at clinical examination, a balanced foot posture without deformity and although none of the patients had dorsiflexion power graded as 5, eight patients (50%) had grades of 4 or 4+ (Table 3) . Fourteen patients (87.5%) showed no toe drop and among these, 11 patients (69%) could actively dorsiflex their toes (Table 3) . Eight patients (50%) were able to stand on their heels with no support and two (Patients 4, 11) were able to walk heel-to-heel for a short distance even if a difference could be observed when compared with the contralateral side. At the time of followup, 14 patients (87.5%) abandoned use of the AFO (Table 3 ; Figs. 7-9) . None of the patients reported pain referred to the osseous tunnel at the dorsum of the foot or at the midfoot during gait and while wearing Normal daily activity and normal recreation 10
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shoes. Patient 5 had a slight flat foot on the footprint. Patient 3 had digit hyperextension as a consequence of excessive tendon pull during the suture phase and Patient 7's treatment failed as a result of tendon adherence. At followup, he still needed Codivilla's orthoses (AFO) and when proposed, he refused triple arthrodesis. Tendon transfer was probably the wrong indication (it was a crush injury with subsequent skin necrosis that required a free flap). Static footprint analysis showed, in all but one patient (Patient 5), the absence of flat foot, metatarsal external Frequently (twice a week) 5
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Obvious deformity or malalignement 0 0 overload, and/or forefoot adduction. The patient's postural balance gained global improvement as a result of the reduction of compensation in maintaining bipodalic station (Fig. 10) . Dynamic analysis showed an overall satisfying progression of gait characterized by the absence of external overload in toe plantar flexion and by reduction of foot contact time with the ground (stance phase) with improvement of heel contact and pushoff phase with evidence of a longer step. This positively affects dynamicity of the gait cycle, because the increase of ankle plantar and dorsiflexion range of motion produces elongation of the sural triceps muscle improving pushoff phase power and venous return for compression of deep veins (Fig. 11 ) (Videos 1 and 2, Supplemental Website Materials; supplemental materials are available with the online version of CORR). According to the Stanmore system rating, the final results were excellent in eight (50%), good in five (31.2%), fair in two (12.5%), and poor in one (6.2%), with an average score of 77.8 representing a good overall result (the preoperative average score was 18.31). Results of patient ratings were excellent in nine (56.2%), good in four (25%), fair in one (6.2%), and poor in two (12.5%) (Figs. 7-9 ).
Discussion
The objectives of tendon transfer for treatment of posttraumatic paralysis are (1) to improve functional deficit by restoring or reinforcing lost functions; (2) to neutralize deforming forces; and (3) to gain stability eliminating the need for bracing during gait [17, 28] . These objectives can be achieved by static and dynamic surgical procedures. The former (arthrodesis, osteotomy, tenodesis) changes uncorrected fixed and nonfunctional postures into more functional postures and results in better overall function but does not restore lost movements. Generally, static procedures are used as a support or after failure of dynamic procedures and/or when dynamic procedures are not indicated (severe articular incongruence, wide traumatic palsy, cerebropathy, neuropathy, etc). Dynamic surgical procedures act by transferring functional muscles or changing their osseous insertions, improving function, and, most of all, restoring lost movement. In the last 30 years, indications for arthrodesis have narrowed, limited mainly to cases of cerebral and neuromuscular disease. Tendon transfers are preferred particularly for treatment of posttraumatic nerve palsy [12, 22] . For common peroneal nerve palsy the functions that must be restored are foot dorsiflexion, supination, hallux and toe dorsiflexion, avoiding a steppage gait, correcting equinus and varus deformities, and digit drop. The tendon transfer is more effective if dynamic, voluntary movement is achieved rather than just a static tenodesis effect [4, 29] . To make a transfer functional, some authors [3, 8, 20] claim the tension between the transposed muscle and sutured tendon, or tendon attachment into bone, must be under slight to moderate tension, or even under high tension [1] , with the foot held at 90°. When the tension is greater than necessary, as could happen when the PTT harvest is not long enough to reach the desired insertion, the surgeon is forced to maximally dorsiflex the ankle. This limits tendon excursion which causes the transfer to act more like a tenodesis than a dynamic transfer [21] . Tenodesis effect is more likely in patients who have difficulties cooperating in a rehabilitation program (ie, older patients) or in cases in which the surgical technique results in tendon adherence. Ideally, the length of the transferred tendon should be sufficient to allow full, passive, plantar flexion permitting the potential for normal range of motion [21] . Before suturing the tendons, free gliding of the PTT and FDL tendons through the interosseous membrane must be ensured. If necessary, corrections should be made such as widening the interosseous membrane, removal of excess muscle bulk that impinges on the interosseous window, or checking to be sure that the two tendons are not twisted on each other.
The novelty of our proposed technique is that of moving the insertion of the recipient tendon (ATT) toward the donor transferred tendon (PTT) and not the contrary. By creating a new ATT origin on the third cuneiform, we bring the recipient tendon directly up to the PTT solving tendon harvest length problems and preserving a straight line of pull. This has the potential to better preserve the strength of the transfer which other techniques may sacrifice when the PPT is split into two tails and sutured to other tendons [22, 24, 27, 29] .
In our series, eight patients (50%) had dorsiflexion strength graded as 4 or 4+, which is uncommon in tendon transfer procedures. We believe these good results could be related to the direct TtT suture performed between the ATT and PTT that produces straight traction at the third cuneiform strengthened by the associated transfer [3] of the FDL on the EDL-EHL tendons. Tendon to tendon suture, introduced in 1968 [24] , simultaneously addresses the difficulties related to TtB procedures and donor tendon length. It allows the surgeon to adjust and modulate tendon tension, appropriately verifying foot and digit posture before suturing is completed [24] for the FDL on EDL-EHL tendons and the PTT on ATT. The technique also can be used for terminolateral and terminoterminal tendon suturing allowing multiple tendon reconstruction.
The overall advantages of the new technique might be summarized as follows: (1) the rerouted ATT has a sufficient length to allow TtT suturing with the PTT. The suturing is performed not as usually happens at the dorsal aspect of the foot, but at the inferior third of the leg where the bulk of the suture can be easily deepened into soft tissues; (2) extraction of the rerouted ATT at the tarsus (ATT new origin) can be shifted medially or laterally according to the correction called for. Medial extraction can be indicated when peroneus tendons are functioning in contrast to their lateral pull. In total CPN palsy, we suggest extracting the tendon at the third cuneiform level; (3) using this technique, suturing the FDL tendon can be performed in a terminolateral fashion creating, according to the reconstructive need, a solid and variable tension construct. This also permits avoiding not only drop of the toes, but also allows some extension of the hallucis; (4) transfer of the FDL tendon improves the power of foot dorsiflexion compared with transfer of the PTT alone and allows active dorsiflexion of the toes. During the dissection, it is mandatory to preserve the flexor hallucis longus, which plays an important role during the propulsive phase of gait.
Sacrifice of both tendons (PTT, FDL) in our experience did not produce any deficits in terms of power and flexion of the ankle and toes.
Contraindications to tendon transfer through the interosseous route are crush injuries, bone fractures, and soft tissue lesions at the distal half of the leg creating an increased risk of tendon adherence. Development of a flat foot, as in Patient 5, seems to not be related specifically to the technique used [29] . We are not able to comment on this phenomenon as sacrifice of the sole PTT for treatment of CPN palsy usually does not result in an acquired flat foot [15] which happens in a normal foot. The reason for this may be that in the normal foot, the primary evertor of the foot, the peroneus brevis muscle [14] , is unopposed in contrast to the palsied foot where loss of peroneus brevis function (as a result of nerve palsy) and loss of the PTT (as a result of tendon transfer) result in a new dynamic balance [15] .
For treatment of complete CPN palsy, transosseous rerouting to the third cuneiform of the ATT and dual transfer of the PTT and FDL tendons is a reliable method to restore balanced foot and toe dorsiflexion producing a normal gait without the need for orthoses. In future studies we hope to show that this technique improves the patients' endurance during gait, helping to avoid fatigue-related stride asymmetry. In addition we hope to show that alterations in the insertion site of the ATT on the dorsum of the foot allows the surgeon to address a wide variety of muscle imbalances unhindered by the length of the tendon available.
